Brazil Current transports from observations and a model are analyzed to improve our understanding of its structure and variability. The observed transports are derived from a three-dimensional field of the velocity in the South Atlantic covering the years 1993 to 2015 (hereinafter called Argo & SSH Mode and the Niño 3.4 index. A coupled EOF of the meridional transport and the sea level pressure is used to improve the understanding of the impact of these ocean indexes.
Abstract.
Brazil Current transports from observations and a model are analyzed to improve our understanding of its structure and variability. The observed transports are derived from a three-dimensional field of the velocity in the South Atlantic covering the years 1993 to 2015 (hereinafter called Argo & SSH) . The mean transport of the Brazil Current from 3.8±2. interannual variability. In addition, it is found that the interannual variability at 24 o S is correlated with the Southern Annular
Mode and the Niño 3.4 index. A coupled EOF of the meridional transport and the sea level pressure is used to improve the understanding of the impact of these ocean indexes.
Introduction
The circulation in the South Atlantic has been studied extensively because it is an important part of the Atlantic Meridional
Overturning Circulation, which consists of a northward transport of relatively warm and fresh upper ocean water of southern origin across the equator into the northern North Atlantic and a southward transport of relatively cold and salty deep water from the North Atlantic into the South Atlantic. A summary of the circulation in the South Atlantic as well as the pathways of 5 the flow and its role in the Atlantic Meridional Overturning Circulation has been presented by Schmid (2014) and many others (references can be found in Schmid, 2014).
Herein, the focus is on the structure and variability of the Brazil Current, which is the western boundary current of the subtropical gyre in the South Atlantic and is largely governed by the Sverdrup Equation (Pond and Pickard, 1983) . This gyre In summary, this study will build on the earlier results with the focus on improving the knowledge about the mean transport of the Brazil Current and its variability. In preparation for this analysis a monthly observations-based time series of threedimensional fields of the horizontal velocity was derived. This time series covers 23 years with a horizontal grid resolution of 0.5
• . The underlying dynamic of the observed variability on seasonal to interannual time scales is studied in conjunction with several ocean indexes and sea level pressure as a proxy for the wind field that is forcing the subtropical gyre.
5
The paper is organized as follows. Section 2 describes the data and methods. Sections 3 and 4 analyze the structure and variability of the Brazil Current transport. Section 5 summarizes the results.
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Ocean Sci. Discuss., https://doi.org /10.5194/os-2017-59 Manuscript under review for journal Ocean Sci. Three oceanic data sets are used herein to derive an absolute three-dimensional geostrophic velocity field. They are profiles of temperature and salinity, subsurface velocities from float trajectories and sea surface heights. In addition, wind fields are needed to estimate the Ekman velocity that needs to be added to the geostrophic velocity prior to studying the circulation.
Where these data sets come from and how they are used is described in the following.
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The temperature and salinity profiles covering the years 2000 to 2015 come from an array of roughly 3000 floats that drift freely in the world ocean as part of the Argo project (the goal of 3000 active floats was reached in 2007). Details on the procedures regarding data acquisition and quality control were described in a previous study by Schmid (2014) . The time period covered with hydrographic observations used in this earlier study has been extended by about 1.5 years. The number of profiles 10 with temperature and salinity collected in the study region ( Fig. 2 ) in the sixteen years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) since the start of Argo that could be used herein is 81,627. Profile data are available throughout most of the study region (Fig. 2a) and this data coverage does not depend on the calendar month (not shown).
The trajectory data used for the estimation of the subsurface velocity are from Argo and WOCE floats that were active in This product will be called Argo & SSH hereinafter. The volume transports of the Brazil Current is derived from these velocity fields as a monthly time series.
Wind fields from the NCEP reanalysis 2 (Kanamitsu et al., 2002) are used to derive the Ekman component of the transport, as in previous versions of the Argo & SSH data sets. Majumder et al. (2016) found that the Ekman transport computed from 5 different wind products has only a small impact on the transports of the AMOC in the South Atlantic (their Figure 14) .
Monthly velocity fields from the Hybrid Coordinate Ocean Model (HYCOM, (Chassignet et al., 2003) are obtained from Figure 4 shows a well developed Brazil Current while it is poorly defined in 23 o S to 25 o S where they find that the mean kinetic energy is lower than the eddy kinetic energy ( addition to a more chaotic southward flow closer to the western boundary. This is consistent with the meandering of the Brazil
15
Current in this region, for which section 2 presented evidence from earlier studies.
Details on the latitude dependence of the transport of the Brazil Current (which has been derived following the method described in Appendix A) are shown in Figure 4 . For Argo & SSH and HYCOM the means are derived from monthly time series over the full time period. Before going into details it has to be noted that many earlier studies used varying layer thicknesses.
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North of 27 o S they are mostly smaller than 800 m and can be as small as 400 m. In support of this latitude dependence of the vertical extent of the Brazil Current the velocity structure in the Argo & SSH fields in this region indicates that the Brazil Current frequently is not well-defined below about 400 m. This is the reason for the statistics in carries less than 19% of the transport in the upper 800 m in this latitude range (both for Argo & SSH and HYCOM) . This is also in good agreement with the results of Rocha et al. (2014) as well as the dynamics governing wind-driven subtropical gyres (e.g., Luyten et al., 1983) , their Figure 7 ). While the latter study is in the North Atlantic the method can be applied in the South Atlantic as has been done by Schmid et al. (2000) , for example. Farther south the transport in the deeper layer contributes more than twice as much (32% for Argo & SSH, 36% for HYCOM in 39 o S to 33 o S, Table 1 ) to the transport in the upper 800 m.
5
Based on these characteristics the transport in the upper 400 m will be used for the analysis in the region north of 27 o S from here on.
When comparing the mean meridional transport of the Brazil Current from Argo & SSH (black line in Fig. 4 ) with historical estimates (grey symbols in Fig. 4) , one can detect a tendency for higher transports in some of the synoptic surveys. This 10 is especially common north of 31 o S. Potential causes for such differences could be the inclusion or exclusion of the Ekman transport, differences of the vertical integration limits, representation of transports in the portion of the Brazil Current that is in shallow areas, and the impact of mesoscale variability. These will be discussed in the following.
The computation of the contribution of the Ekman transport to the transport of the Brazil Current reveals that the former is 15 very small. Its magnitude amounts to less than 5% in 97% (99%) of the cases when compared with transports of the Brazil Current that exceed 1 Sv (2 Sv). Therefore, the Ekman contribution to the transport of the Brazil Current can be considered to be insignificant for these comparisons.
As stated above, the transports from earlier studies in the region north of 27 o S are estimated with varying layer thicknesses 20 which mostly exceed 400 m. Because the transports from Argo & SSH are derived for the upper 400 m the transports from the earlier studies can be higher. However, this is unlikely to be the only reason for the differences (most of which are in the range if 2 to 6 Sv) because the 400-800 m layer contributes less than 19% to the transport in the upper 800 m (see above and Table 1 ). An analysis of the contribution of the transport in shallow water to the total transport of the Brazil Current reveals that this contribution is small when compared with the differences between the independent transport estimates in Figure 4 (see Appendix B). The derived estimates indicate that this contribution does not exceed 2 Sv throughout the study region. Adding up the impacts of the shallow contribution and the layer thickness for the region north of 27 o S results in a combined effect that remains close to 2 Sv, which is still smaller than many of the differences between the transports from quasi-synoptic surveys More straightforward is a comparison of the mean transport estimates from the XBT lines (Garzoli et al., 2013, , gray dots in Fig. 4 region (e.g., Gordon, 1989; Garzoli, 1993; Maamaatuaiahutapu et al., 1998) . The separation of the Brazil Current Front from the shelf break can be used as a proxy to track changes in the location of the confluence (e.g., Goni et al., 2011) , who showed a time series indicating that this separation typically occurs in 34.5 to 40.5 o S). The method for detecting the separation described in Goni et al. (2011) was used herein to determine if its location is correlated to the transport of the Brazil Current. No such 
Temporal variability of the Brazil Current transport
In the following the full time series (Fig. 5 ) is analyzed in conjunction with the annual cycle derived from the anomalies of the transport (Fig. 6 ). The anomalies have been derived by subtracting the annual mean for each year from the individual monthly 5 transports in that year.
Variability at 24 o S
The transport from Argo & SSH in the upper 400 m at 24 o S ranges from 0.4 Sv to 4.8 Sv with a mean of 2.2±0.9 Sv (Table 2) , and reveals a relatively complicated variability, mostly with one to two transport maxima in each year (black line, Fig. 5 , top).
Typically, the transports are high in austral summer and low in austral winter. This can be seen more clearly in Figure 6 (black 10 line), which shows the annual cycle represented as the anomaly of the transport. On average, the smallest transport occurs in July and the largest in March. The amplitude of the annual cycle is 0.6 Sv, with transports ranging from 1.7 Sv to 2.8 Sv (Table 3) . The years for which a semiannual cycle is indicated by two transport maxima give rise to the dip of the anomaly to about 0.1 Sv in October. However, in terms of indicating the presence of a semi-annual cycle this feature does not reach the level of significance. The alternating multi-year phases with significant spectral density at semi-annual and/or annual periods is 15 reflected in the wavelet power spectrum (Fig. 7a) . Longer-periodic variability also has relatively high spectral density, primarily for periods of 2 to 4 years, that almost reach the level of significance.
On average the Brazil Current transports from HYCOM are about 4 Sv larger than those from Argo & SSH, with a mean of 6.2±1.6 Sv and a range of 2.7 to 10.9 Sv (Table 2) . With respect to the annual cycle, Figure 6 sharply in June to September. Consequently, the amplitude of the annual cycle of 0.9 Sv is 50% larger than that for Argo & SSH (Table 3 ). The characteristics detected in the anomalies of the transport from HYCOM are in good agreement with the wavelet spectrum for this time series (not shown). exhibits the transport minimum in June and the maximum in December. While the amplitude of 1.2 Sv is twice as large as at 24 o S the standard error is about four times larger (Table 3 ). The standard error in Figure 6 indicates that there is no significant 10 mean semiannual or annual cycle at 35 o S. Consistent with this, the wavelet power spectrum of the transports reveals significant powers at 3 to 9 month time scales with relatively rare phases governed by a period of 6 months and no phases with a period of 12 months that reach the level of significance (Fig. 8a) . However, in about 2000 to 2011, the power almost reaches the level of significance at the annual period. Phases with relatively high spectral density at periods of 2 years or more can be seen in Figure 8a , however, they are less significant than at 24 o S.
Variability at 35
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A transport time series for the Brazil Current derived sea surface height anomalies by Goni and Wainer (2001) and Goni et al. (2011) also indicated that the interannual variability and mesoscale variability are very strong which will make it hard to detect any annual cycle in observations that might exist. Goni et al. (2011) found a significant peak in a spectral analysis at the annual period and their time series has the relative minimum (maximum) of the transport occurred in austral winter (summer) in for the monthly anomalies). While Figure 6 indicates that there is no significant mean annual or semi-annual cycle on average, the wavelet power spectrum of the Brazil Current transport from Argo & SSH (Fig. 8c ) reveals phases with significant semi-annual and annual cycles. The latter dominates in the sense that it has a strong signal in 1999-2002 and 2007-2013 . The annual cycle from HYCOM agrees well with Argo & SSH with respect to the timing (Fig. 6) According to Vivier and Provost (1999) 
Relationship to Ocean Indices
In an expansion of the analysis the interannual variability of the Brazil Current transport is studied. It is found that the differences of the transports between adjacent phases with high and low values are about 1 Sv at 24 o S and 2 to 3 Sv at 35 o S (Table 2) .
Typically, the time between two relatively low or high transports is in the range of 2 to 4 years. In addition, the transport at the derived correlation coefficients are 0.5 with time lags of 6 to 7 months, depending on the applied filtering (Fig. 9 , Table 4 ).
Filtering less strongly (2 month cut-off period) yields a lower correlation and filtering more strongly (24 month cut-off period) results in a shift towards a lag of 9 months. While all of these correlations are significant with respect to the a 95% confidence level (estimated correlations that do not reach the level of significance are excluded from Table 4), the most robust estimate is the correlation of 0.5 with a 6 month lag. In agreement with this, the largest minima (maxima) of SAM are typically followed 15 by minima (maxima) of the Brazil Current transport.
A similar analysis for the Niño 3.4 index yields a significant correlation of 0.4 to 0.5 with a lag of 8 months for the time series filtered with a 6 month or 12 month cut-off period. This lag is larger than the corresponding lag derived for SAM, which is not surprising since any teleconnections between the tropical Pacific and the subtropical South Atlantic can be expected to 20 take more time than the dynamic impact of SAM on the subtropical South Atlantic. When looking in more detail at the time series (black and blue lines in Fig. 9 ), it is noted that the 1997/1998 El Niño was followed be a low transport of the Brazil the Brazil Current. Similarly, several phases with La Nina conditions are followed by relatively high transports of the Brazil Current. In the next section, the analysis on the role that SAM and ENSO play with respect to forcing the variability of the Brazil Current transport is expanded.
For the AMO index, the correlations are less robust with a smaller correlation coefficients ranging from 0.3 to 0.4 and a 5 wider range of lags encompassing 1 to 5 months. While most of these correlations with AMO reach the level of significance, the result is not considered to be robust due to the large range of lags (because of this, the AMO is not shown in Fig. 9 ). This is not very surprising, because the AMO is an index based on the conditions in the North Atlantic.
At 35 o S and 38 o S, the correlations are smaller and mostly have lags that agree well with those at 24 o S. Table 4 only contains 10 few estimates for these latitudes because most of them were not significant. This is again, indicative for the importance of mesoscale variability in the vicinity of the Brazil Malvinas confluence.
Relationship between sea level pressure and meridional transport
A coupled EOF analysis of the anomalies of the sea level pressure (SLP) in a large region, including the Southern and tropical which includes the Brazil Current) is performed to understand their covariability. The details on this method can be found, for example, in Bretherton et al. (1992) . The use of a bigger domain for SLP is useful to understand large scale forcing and to assess the possibility of any teleconnection pattern . The coupled EOF method used herein is widely used in climate studies to identify coupled patterns between two fields. tropical Pacific, which are most likely due to teleconnections (e.g., Mo and Ghil, 1986; Lopez et al., 2016) . This can be seen as a response of the southern hemisphere to El Niño Southern Oscillation (ENSO, Karoly, 1989) This spatial pattern is robust 5 in the sense that it does not depend significantly on the filtering. The main impact of varying the filtering is that the variance explained as well as the correlation associated with ENSO decreases with decreasing cut-off period (not shown). This is not surprising because remote signals loose their strength as they propagate over long distances. Therefore, local forcing plays a more important role for short term variability than for long term variability. The spatial pattern of the homogeneous correlation (Fig. 10c) has the largest correlations in the region dominated by the Brazil Current.
10
The time series of the temporal expansions reveals alternating multi-year phases of relatively low and relatively high anomalies for the transport and the sea level pressure (Fig. 10b) . Superimposed on this signal is some higher-frequency variability of varying amplitude. Similar characteristics are present in the time series of SAM (red line in Fig. 9b ). The correlation of 0.7 between the temporal expansions is significant with respect to the 95% confidence level. Getting back to the role of ENSO, one 15 can see large anomalies about half a year after the three strongest El Niño events during the studied time period (1997/1998, 2002/2003, 2009/2010 , blue line in Fig. 9a ), both for the sea level pressure and the transport (Fig. 10b) . For SAM, the most prominent peaks are in 1993, 1999/2000, 2001, 2010 and 2015 (red line in Fig. 9a ). Three of them are close to El Niño events (2001, 2010, 2015) . In the temporal expansions, the two earlier ones can be associated with relatively large anomalies for the transport (Fig. 10b) . 
Summary and Conclusions
The analysis of a three-dimensional field of the horizontal velocity derived from observations covering 1993 to 2015 as well as velocity fields from HYCOM expands the knowledge of the spatial and temporal variability of the transport in the Brazil Current. (Figs. 5 and 6 ). However, it is found that the significance of the mean annual cycle decreases with increasing latitude (Fig. 6) . A wavelet analysis indicates that phases of an annual cycle exist at all three latitudes, but their prevalence decreases with increasing latitude (Figs. 7 and 8 ). In agreement with this, the time series (Fig. 5 ) also reveals strong interannual variability, both in terms of shifts in the annual mean and in the timing of the highest and lowest transports.
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With respect to the interannual variability it is found that the meridional transport of the Brazil Current switches from relatively high to relatively low values roughly every two to four years in the time series from Argo & SSH that were smoothed with a one year low-pass filter (Fig. 9b) . The power spectrum from the cross wavelet transform at 24 o S shows weak signs for the presence of such variability that mostly do not quite reach the level of significance (Fig. 7c) .
Time series smoothed with a filter using a 6 to 12 month cut-off period reveal a correlation of the Brazil Current transport with SAM that is within the 95% confidence interval with a lag of 6 months at 24 o S (section 4.4, Table 4 Fisher (1964) , Signorini (1978) , Miranda and Castro Filho (1979) , Miranda and Castro Filho (1981) , Evans et al. (1983) , Evans and Signorini (1985) Gordon and Greengrove (1986), Garzoli and Garraffo (1989) , Gordon (1989 ), Stramma (1989 , Garfield (1990) , Peterson (1990 ), Stramma et al. (1990 ), Zemba (1991 , Garzoli (1993) , Campos et al. (1995) , Maamaatuaiahutapu et al. (1998 ), Müller et al. (1998 ), Jullion et al. (2006 ), Mata et al. (2012 , Garzoli et al. (2013) and Biló et al. (2014) .
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Ocean Sci. Discuss., https://doi.org/10.5194/os-2017-59 Manuscript under review for journal Ocean Sci. Transport profiles in grid boxes that have a water depth of less than 1000 m in their center are excluded. This means that at most latitudes, the Argo & SSH data set has a profile of the transport within less than 0.25 o of the 600 m isobath. The search area for the Brazil Current is indicated by the red line in Figure 2c that encompasses the region near the shelf break where this current is typically found. It extends east of the climatological mean core of the Brazil Current to allow for its meandering.
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The procedure is to pick the westernmost southward current for estimating the transport unless it is not part of the continuous southward flow. The latter situation is mostly encountered in the northern part of the domain, where a single grid box with southward velocity might exist at the shelf break while the boxes south and north of it do not support treating this box as part of the Brazil Current. An example of a situation like this near 20 o S was studied by Schmid et al. (1995) . Many others also looked at the zonal position of this current (some recent studies on this topic are (Biló et al., 2014; Mill et al., 2015; Lima et al., 2016) .
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The Brazil Current transports are derived by integrating the meridional velocity within the identified longitude range at each latitude.
Appendix B: Quantifying uncertainties of the Brazil Current transport
Previous studies showed that the velocity field from Argo & SSH reproduces the features of the circulation in the South Atlantic (Schmid, 2014) and can be used to derive the integrated transports associated with the Meridional Overturning Circulation at 15 multiple latitudes (Majumder et al., 2016) . Because Argo & SSH is used herein to study the variability of the transport in the Brazil Current it is important to know what uncertainties exist. Quasi-synoptic XBT transects as well as output from the HYCOM model are used to quantify the contribution of transports in shallow water to the total transport of the Brazil Current in the study region. Because of its pathway (Fig. 3) , this contribution will depend on the latitude. An indication of this can be seen in Figure 4 , where the agreements are best near the southern latitudes where the confluence with the Malvinas Current contributions.
For the XBT transects, the analysis was done for two regions separated by the latitude of 27 o S. This latitude can be seen as representative for the transition from lower to higher transports. In addition, this latitude is the one where the integration depth transitions from 400 m to 800 m as explained in section 3. In the southern region, the the mean contribution of the shallow 5 regions to the Brazil Current transport is 1.7±2.2 Sv (based on 20 transects). In 12% of the cases the transports are identical and an additional 44% of the cases have differences that do not exceed 10% of the transport in the Brazil Current. In the northern region, the mean contribution of the shallow regions to the Brazil Current transport is similar with 1.6±1.7 Sv (based on 8 transects). No further analysis is possible in this latitude range because of the small number of transects.
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For HYCOM, the focus for quantifying the impact of the transport in shallow regions is on the three latitudes for which the time series are analyzed in detail. At 38 o S, the impact of the shallow areas on the transport is negligible (a mean difference that is insignificant; identical transports in 86% of the cases), because the Brazil Current is separated from the shelf break most of the time. At 24 o S, the impact of the shallow areas is slightly larger (mean difference of 0.7±1.3 Sv; identical transports in 67% of the cases). The largest impact exists at 35 o S, where the mean difference is 2.0±1.3 Sv (identical transports in only 14% of 15 the cases). Overall, there is no statistical significant time dependence of the differences. All of these transport reductions are smaller than the differences between the transports from HYCOM and Argo & SSH (Table 1 and Fig. 5 ).
